Introduction
Metal uptake by phytoplankton is of fundamental importance, because it links the reactivity of various chemical species of metals in the environment to their physiological and ecological effects in the organisms and represents an entry point of metals into aquatic food webs (Fisher and Reinfelder, 1995) . Conventional models of metal uptake by phytoplankton describe the dependence of uptake on the concentration of hydrated metal ions or kinetically labile species (Morel and Hering, 1993) . Exceptions to these rules have been noted, particularly in the uptake of Fe(III) bound to organic chelates which is reduced prior to Fe internalization (Maldonado and Price, 2001; Shaked et al., 2005) . In most cases, however, the uptake reaction proceeds by binding of the metal to a specific transport ligand, followed by its internalization through the plasma membrane. Some of the earliest work in marine species established that copper (Cu) toxicity was a function of the hydrated cupric ion and not the total Cu or chelated Cu concentration in solution (Sunda and Guillard, 1976; Anderson and Morel, 1978) . Studies that are more recent suggest organically complexed Cu may also be bioavailable (Hudson, 1998; Quigg et al., 2006; Semeniuk et al., 2015) , but the significance of these forms of Cu for phytoplankton remains obscure.
Copper uptake kinetics in marine and freshwater phytoplankton follows a saturation curve as predicted for a carrier-mediated process (Hill et al., 1996; Knauer et al., 1997; Croot et al., 2003; Adams et al., 2016) . In some phytoplankton, uptake is biphasic implying that two types of transporters may be involved; one of low and one of high affinity (Knauer et al., 1997; Guo et al., 2010) . The high affinity system is strongly up-regulated in Chlamydomonas in response to Cu scarcity in the environment (Hill et al., 1996; Page et al., 2009) . Diatoms also regulate Cu transport (Sunda and Huntsman, 1995) , but in a coastal species, only the low affinity system appears to be enhanced under Cu-limited stress (Guo et al., 2010) .
The molecular mechanisms of Cu uptake are well described in a few model organisms. Non-specific divalent metal transporters belonging to the NRAMP and ZIP families have a low affinity for Cu and appear to function in Cu acquisition when Cu concentration is high (Guerinot, 2000; Nevo and Nelson, 2006) . These uptake systems may be responsible for antagonistic metal interactions observed in marine phytoplankton Huntsman, 1998a, 1998b) because they recognize other nutritive metals, which may competitively interact with Cu at binding sites. CTR or COPT-type membrane proteins are high affinity Cu-specific transporters that contain conserved N-and C-terminal amino acid motifs and selectively bind Cu(I) Blaby-Haas and Merchant, 2012) . One or more cell surface reductases is associated with the CTRs and supplies Cu(I) to the transporter by reducing Cu(II) extracellularly (Hassett and Kosman, 1995; Georgatsou et al., 1997) . The internalization of Cu thus proceeds through a two-step reaction: reduction followed by transport, and appears widespread among eukaryotes (Dancis et al., 1994; Kampfenkel et al., 1995; Zhou and Gitschier, 1997; Page et al., 2009) . CTR-type transport systems are expected to be more important than NRAMP or ZIP for organisms living in the Cu-depleted open sea because of their high-affinity and selectivity for Cu.
Putative components of a CTR uptake system were discovered in the coastal diatom, Thalassiosira pseudonana, including candidate ferrireductase and CTR genes (Kustka et al., 2007; Guo et al., 2015) , but none of these genes have been functionally validated. In oceanic environments, diatoms respond positively to Cu enrichment suggesting low Cu concentration may be limiting their growth (Coale, 1991; Peers et al., 2005) . Indeed, in these regions, inorganic Cu concentrations are in the femto-to picomolar range and the majority of the dissolved Cu exists bound tightly to organic ligands (Moffett and Dupont, 2007; Jacquot et al., 2013) . High affinity Cu transport systems should be a prerequisite for phytoplankton to survive in these environments. Using RNAseq we examined Cu-responsive genes of Thalassiosira oceanica, a diatom isolated from the Sargasso Sea that requires 10 times more Cu for growth than related coastal species (Peers and Price, 2006) . Here we report some of our findings on the identity, regulation and functional characteristics of four CTR-type Cu transporters: ToCTR1, ToCTR2, ToCTR3a and ToCTR3b. The CTRs show the hallmarks of high-affinity Cu transporters and their expression is regulated by environmental Cu availability. Our results describe for the first time the features and functions of a Cu transporter in a marine diatom species.
Results
Copper regulated growth and Cu uptake in T. oceanica Thalassiosira oceanica grew in Aquil medium containing inorganic Cu (Cu 0 ) concentrations varying by six orders of magnitude, from 12.3 fM to 12.9 nM (pCu 0 = 7.9 to 13.9, pCu 0 = −log [Cu 0 ]; Fig. 1 ). Maximum growth rate (~1.4 d −1 ) was achieved at 263 fM Cu 0 (pCu 0 = 12.6) and persisted even as Cu 0 increased to 0.64 nM (pCu 0 = 9.2).
At higher Cu concentrations, growth decreased probably because of a toxic effect. Cu-deficient growth was observed at the two lowest concentrations tested, and was reduced to about 50% of maximum at 12.3 fM Cu 0 (pCu 0 = 13.9). Thalassiosira could not grow in Aquil medium in the absence of added Cu. Steady-state Cu uptake rate (ρ ss ) of T. oceanica calculated from Cu quota and growth rate varied with Cu 0 concentration ( Fig. 1) . The increase in ρ ss between 12.3 and 263 fM (pCu 0 = 12.6-13.9) coincided with an increase in growth rate over the same concentration range. Copper uptake exceeded the diffusive supply of Cu 0 to the cell surface, suggesting organic forms of Cu, which were the most abundant chemical species in the EDTA-buffered medium, were likely providing some Cu to the uptake system. Steady-state uptake rates were relatively constant (< 3-fold change) from pCu 0 = 10-12.5 (> 300-fold change), consistent with negative feedback regulation (Sunda and Huntsman, 1995; Peers and Price, 2006; Annett et al., 2008; Kim and Price, 2017) . Diffusive flux rate of Cu 0 (J D ) was calculated assuming a diffusion coefficient of 6 × 10 −6 cm 2 s −1 (Hudson and Morel, 1993) with shape correction according to Pasciak and Gavis (1974; 1975 of cellular Cu uptake as observed for other metals (Sunda and Huntsman, 1986; . At high Cu concentrations (pCu 0 < 10), a low-affinity uptake system may have transported Cu, but it was not regulated by intracellular Cu content in the same way as at lower concentrations, judging from the slope of the uptakeCu 0 relationship which increased dramatically.
Short-term Cu uptake rates measured in Cu-limited and Cu-replete cells assessed whether an inducible highaffinity uptake system existed in T. oceanica as in C. reinhardtii (Hill et al., 1996) . The growth rate of T. oceanica in low Cu medium (0. (Fig. 2) . Because cell size varied between the treatments, uptake rates were normalized to cell surface area. The normalized rates were 2.9-fold higher (p = 0.008) in the Cu-limited compared with the Cu-replete cells. Thus, steady-state and shortterm Cu uptake rates showed that T. oceanica possessed a tightly regulated Cu uptake system that was induced at low Cu and repressed at high Cu concentrations.
Revised gene models of putative ToCTRs
Four putative Cu transporter proteins were identified in T. oceanica (ToCTR) by a BLASTP search against the T. oceanica CCMP1005 genome using homologues of Cu transporters identified in S. cerevisiae, Arabidopsis thaliana and C. reinhardtii (Dancis et al., 1994; Kampfenkel et al., 1995; Page et al., 2009) . The ToCTR genes were located in four assembled contigs and named ToCTR1, ToCTR2, ToCTR3a and ToCTR3b, corresponding to protein IDs THAOC_31553, THAOC_30982, THAOC_04344 and THAOC_17625 predicted in T. oceanica genome (Lommer et al., 2012) . The AUGUSTUS predicted ToCTR1 gene model produced a partial gene lacking a complete sequence at the 5 0 end and containing two exons (Fig. 3 ), but no exonexon junction reads were observed in the mapped RNAseq reads (Kong and Price, unpublished ToCTR3a and ToCTR3b were 633 and 618 bp in length, respectively, with a sequence identity of 98.2%. The high sequence identity of these two genes suggested one of them may have been generated by gene duplication. As the T. oceanica genome is not completely assembled, the genetic distance between the two gene loci is unknown. The revised gene and protein sequences were deposited into GenBank with the accession numbers MF579253 to MF579256. No introns were detected in the predicted gene models of the ToCTR genes, so genomic DNA was used as the PCR template to amplify the genes for the yeast functional complementation experiment.
Features of ToCTR proteins
ToCTR1, ToCTR3a and ToCTR3b shared a number of common features with other well-characterized CTR-type Cu transporters ( Fig. 4 ; Supporting Information Fig. S1 ). These included an extracellular N-terminal domain containing Met and/or His motifs, an intracellular C-terminal domain containing Cys and/or His motifs, and three transmembrane domains (TM) constituting a channel for Cu transport Kim et al., 2008) . The MxxxM-x 12 -GxxxG motif (where x is any other amino acid residue) across TM2 and TM3 is recognized as the signature motif of CTR-type Cu transporters (De Feo et al., 2007) and was present in all four ToCTR proteins. The two Met residues in the MxxxM motif are required for Cu transport and Cu-stimulated endocytosis Guo et al., 2004) . ToCTR1 had large N-terminal and C-terminal domains of approximately 120 and 95 amino acids, respectively. A dense Met/His motif, HxMxxHMxHMxHxHHMxxMxxM (x is D, G or S), was located in the middle of the N-terminal domain, while a CC motif occurred in the middle of the C-terminal domain. Compared with other Cu transporters, ToCTR1 possessed a longer intracellular loop of approximately 100 amino acids between TM1 and TM2 (Fig. 4) . ToCTR2 had an N-terminal domain of more than 500 amino acids that lacked Met motifs but contained conserved Cys/His motifs including CxC, HxxHxH, CxM/HxC and nine other single Cys residues as observed in other diatoms (Supporting Information Fig. S2 ). ToCTR3a and ToCTR3b differed in four amino acids in the C-terminus and a 5-amino acid deletion in the N-terminal domain. The deletion of five amino acids in ToCTR3b Fig. 3 . Revised gene models of four putative CTR-type Cu transporters (ToCTR1, ToCTR2, ToCTR3a and ToCTR3b) in T. oceanica. RNA-seq reads were obtained from an mRNA sequencing project (Kong and Price, unpublished) and mapped onto T. oceanica genomic sequences (To_g45267, To_g44810, To_g04073 and To_g19624) using TopHat (Trapnell et al., 2012) . Mapping graphs were generated using Integrative Genomics Viewer (Robinson et al., 2011) . Open reading frames (ORF) of four ToCTR genes were predicted by AUGUSTUS (Lommer et al., 2012) . Full length ToCTR transcripts were assembled de novo by Trinity (Grabherr et al., 2011) and gene models revised to include the corrected ORF and extended 5 0 and 3 0 untranslated regions (5 0 /3 0 -UTR). Numbers under each gene model represent the coordinates according to the contig. [Color figure can be viewed at wileyonlinelibrary.com] created an additional Met motif, MxMxxxM, in the Nterminus (Fig. 4) . The C-terminal domains of both proteins contained an HxCH motif that has been shown in other CTRs to transfer Cu to intracellular chaperones (Kahra et al., 2016) .
ToCTR expression is regulated by environmental Cu concentrations
Expression levels of ToCTR1, ToCTR2 and ToCTR3a/3b in T. oceanica were estimated by qRT-PCR and normalized to Act (Fig. 5 ). We were unable to design primers to distinguish between ToCTR3a and ToCTR3b because of their high nucleic acid sequence identity and high GC content. Expression levels of both genes were thus quantified together as ToCTR3. ToCTR1, ToCTR2 and ToCTR3 were continuously expressed at low Cu and ToCTR1 and ToCTR2 were down-regulated once Cu concentrations increased (pCu 0 < 12). The decreased expression of ToCTR1 and ToCTR2 occurred over the same range in Cu concentration where ρ SS remained constant and growth rate was maximum (c.f., Fig. 1 ). ToCTR3 expression was inversely related to log [Cu 0 ] between pCu 0 10.4-13.9 (p < 0.002, r 2 = 0.8787, ANOVA). At the lowest Cu concentration tested, only expression of ToCTR3 was substantially increased (2.5-fold), highlighting its potential role in Cu transport under strongly Cu-limiting conditions. The single nucleotide polymorphism (SNP) of ToCTR3a and ToCTR3b in mapped RNA-seq transcripts was used to estimate their relative expression between Culimited and Cu-replete conditions. Quantification of RNAseq reads over the 10 SNP sites in ToCTR3a and ToCTR3b showed that expression level of ToCTR3b was 1.8-to 3.1-fold higher than that of ToCTR3a (Supporting Information Fig. S3 ).
ToCTR3a and ToCTR3b functionally complemented yeast ctr1Δctr3Δ mutant
The S. cerevisiae ctr1Δctr3Δ mutant is unable to grow on non-fermentable carbon sources (e.g., ethanol, glycerol) and exhibits a respiratory defect due to a lack of cytochrome c oxidase that requires Cu as a cofactor (Zhou and Gitschier, 1997) . ToCTR1, ToCTR2, ToCTR3a and ToCTR3b were introduced into the ctr1Δctr3Δ mutant and expressed under the control of a constitutive GPD promoter in a yeast expression vector p416. The wild-type S. cerevisiae CTR1 gene (ScCTR1) cloned into the p416 vector was used as a positive control and an empty p416 vector was used as a negative control. As expected, the ScCTR1 gene fully restored growth of the ctr1Δctr3Δ mutant on Cu-deficient YPEG plates (Fig. 6) . The negative control was unable to grow on YPEG plates without added Cu, but grew well in the same medium supplemented with 20 μM CuSO 4 . Thus, growth of the mutant was inhibited by a lack of Cu and only at high Cu concentration were cells able to acquire sufficient Cu for growth.
Transformants with ToCTR1 and ToCTR2 exhibited the same phenotype as the negative control: these diatom CTRs were unable to restore growth of the mutant (Fig. 6) . We also tried trimming the gene of ToCTR1 by deleting sequence from the start codon to Met 54, but observed no improvement in growth of the Cu-limited phenotype (data not shown). One possible explanation was that these CTRs had low affinity for Cu and only transported Cu at slow rates. The result could equally be due to incorrect protein assembly, folding and localization in S. cerevisiae. To assess this latter possibility, we examined the subcellular localization of ToCTR1 using GFP fusion. ToCTR1-GFP was distributed in the cytosol and not significantly transported to the plasma membrane (Fig. 7) . The concentrated GFP signal within the cell confirmed the intracellular localization of ToCTR2 in the yeast, so the lack of growth was not surprising. Both ToCTR3a and ToCTR3b restored growth of the ctr1Δctr3Δ mutant on Cu-deficient YPEG plates, but with a slightly lower efficiency than the native ScCTR1. Growth in liquid culture showed the yield of transformants with ToCTR3a or ToCTR3b was about 20% lower than ScCTR1 under Cu-deficient (< 1 μM) conditions (Fig. 6) . Expression of ToCTR3a-GFP and ToCTR3b-GFP fusion proteins showed that both proteins were located to the plasma membrane of Saccharomyces, but that a large portion remained inside the cell, likely on the endoplasmic reticulum judging from the GFP signal associated with nuclear envelope. In some cases, a heterometric complex of CTR-type Cu transporters is needed to retrieve high-affinity Cu uptake (Zhou and Thiele, 2001; Yuan et al., 2011) . Potential complexes of ToCTR proteins were investigated by transforming yeast mutants with combinations of two of ToCTR1, ToCTR2, ToCTR3a and ToCTR3b, respectively, but no improvement in growth efficiency was observed in the double transformants.
Steady-state Cu uptake rate was measured to evaluate the function of the transformed ToCTR proteins in Saccharomyces. In these experiments, transformants were grown in SC-ura medium containing trace amounts of Cu(II) (Fig. 8) . ToCTR3a, ToCTR3b and ScCTR1 had significantly faster Cu uptake rates than the mutant (p416) by 2.3-, 8.3-and 14.1-fold (p < 0.01, t-test), respectively. Transport of Cu(I) measured under reducing conditions was also significantly faster by 2.8 times (p < 0.01, t-test) in the transformant with ToCTR3b compared with the control (Fig. 8) .
Discussion
High-affinity CTRs in T. oceanica Thalassiosira oceanica possesses four CTR homologues that contain the hallmarks of well-characterized Cu transporters of other eukaryotes. Expression levels of the genes were negatively correlated with [Cu 0 ] as expected for Cu-responsive transport proteins and their upregulation in Cu-limited cells coincided with a three-fold increase in Cu uptake rate. Two of the CTRs, ToCTR3a and 3b, replaced the wild-type Cu transporters of a CTRdeleted Saccharomyces cerevisiae mutant, enhancing growth under Cu-deplete conditions and Cu(I) uptake. Although ToCTR1 and ToCTR2 failed to complement high affinity Cu transport in the mutant, their regulation by Cu concentration and structural features indicate that they may be involved in maintaining Cu homeostasis in the diatom. Thus, our results provide strong evidence that ToCTRs are indeed functional Cu transporters, actively regulated over a range of environmentally relevant Cu concentrations and part of a high affinity uptake system. As discussed below, the ability of the ToCTRs to was measured with 5 μM Cu(I) as the substrate. Transformants containing the empty vector (p416) were used as the negative control. Error bars represent AE1 SD of three biological replicates. Asterisks (*) represent a significant increase in Cu uptake rate of the transformed yeasts compared with the p416 control (p < 0.01, t-test).
transport Cu(I) has a number of important implications for Cu acquisition by diatoms in the sea.
Conserved motifs and subcellular localization of ToCTR proteins
CTR-type Cu transporters are integral membrane proteins containing critical amino acid motifs and domains, which are conserved throughout eukaryotic lineages Kim et al., 2008) . The N-terminal regions are enriched with Met motifs that bind Cu(I) in a stable trigonal coordination (Jiang et al., 2005) , and are thought to allow facile Cu(I) transfer through the membrane spanning regions of the protein to cysteines on the cytoplasmic side (Xiao and Wedd, 2002; Xiao et al., 2004) . Divalent metal ions, including Cu(II), Zn(II) and Fe(II), have low affinity for thiolate coordination and so do not compete with Cu(I) for binding sites, making the transporter highly selective (Jiang et al., 2005; Davis and O'Halloran, 2008) . ToCTR1 contained all the conserved Met residues and motifs, but surprisingly did not transport Cu effectively in the yeast. Little GFP fluorescence was detected in the outer membrane, so we were unable to adequately test its function. A small, but statistically significant (p < 0.05) increase in growth of the transformant with ToCTR1 at 10 μM Cu compared with the mutant suggested the protein may indeed transport Cu (Fig. 6 ). Whether this small increase was due to low protein abundance or low Cu affinity cannot be established at present. Similar experiments with T. pseudonana CTR1 were unable to recover Cu uptake ability in the same mutant (Guo, 2012) . Gene knockout or knockdown experiments may be required to confirm ToCTR1 function, although such techniques are not yet well developed in all diatoms (De Riso et al., 2009) .
The N-terminal region of ToCTR2 contains Cys residues and Cys/His sequences, which are thought to be the preferred Cu(I)-binding ligands in reducing environments (Davis and O'Halloran, 2008) . Indeed, Chlamydomonas Cu transporters are enriched with Cys which is arranged in unique Cys-Met motifs that are hypothesized to be important for Cu acquisition under suboxic conditions where Cu(I) availability is greatly restricted and the Cys residues less prone to oxidation (Page et al., 2009) . Intracellular CTR Cu transporters are found in the endosomes and vacuoles of humans, plants and yeast, but they have few features that distinguish them from outer membrane CTRs, except for fewer Met motifs (Rees et al., 2004; Van den Berghe et al., 2007; Klaumann et al., 2011) . Surface ocean environments are oxygen replete or supersaturated which would reduce the longevity of reduced Cys ligands and minimize their effectiveness as Cu-binding ligands, making it unlikely that ToCTR2 would be extracellularly oriented. Alternatively, cysteine binds Cu(I) more tightly than methionine (Rubino et al., 2010) so at low Cu concentrations ToCTR2 may be most effective at scavenging Cu in the environment.
Two of the diatom CTRs (ToCTR3a and 3b) functioned as Cu transporters, rescuing the Cu-deficient growth phenotype and Cu uptake ability of the yeast mutant. The GFP fluorescence signal confirmed that these CTRs were transferred to the yeast outer membrane, although less so than the wild-type protein (ScCTR1). Lower efficiency of the diatom CTRs was thus likely due to their lower abundance in the cell membrane. Copper uptake by To and ScCTRs may also be different. In Saccharomyces, Cu transport efficiency increases with the number of Met motifs , presumably because the Cu-binding capacity of the transporter is enhanced and ScCTR1 contains 8 Met motifs whereas the diatom CTRs have only 2 or 3. Indeed, as noted, ToCTR3b contained an additional Met motif compared with ToCTR3a and produced a higher cell yield and a faster Cu uptake rate in the yeast mutant (Figs 6 and 8) .
Regulation of Cu uptake: transporter specificity
Cu uptake through CTR-type Cu transporters is energyindependent and maintained by a steep concentration gradient created by complexation of cytoplasmic Cu by chaperones Rubino and Franz, 2012) . Monovalent Cu (Cu(I)) is thought to be substrate for the reaction because inactivation of FRE reductases reduces Cu uptake and rates of Cu uptake are fastest under reducing conditions where Cu(I) is the predominant chemical species (Hassett and Kosman, 1995) . These results are in agreement with the Cu(I) specificity of the Met binding sites measured by others (Jiang et al., 2005; Davis and O'Halloran, 2008) . Further support for Cu(I) transport comes from competition experiments that show Ag(I) is a potent antagonist of Cu uptake (Howe and Merchant, 1992; Lee et al., 2002) . Growth assays with T. oceanica showed that Ag(I) becomes toxic at low Cu concentration, but has no effect at high Cu, suggesting that the Cu(I)-Ag(I) interaction observed in Cu uptake occurs in this diatom (Supporting Information Fig. S4 ). Short-term Cu uptake experiments in the yeast mutant confirmed that Cu(I) was substrate for ToCTR3b. Although uptake of Cu(II) also increased, we surmise that the native Cu(II) reductases (FRE proteins) of the mutant actively reduced Cu(II), making Cu(I) available to the ToCTR transporters.
Regulation of Cu uptake: environmental Cu concentrations
Steady-state uptake rates of T. oceanica varied little over a 300-fold decrease in external Cu concentration (from pCu 0 10-12.5) as CTR transporters were greatly upregulated. This, in conjunction with reduced cellular Cu quotas (Kim and Price, 2017) , allowed cells to maintain maximum rates of growth. Although protein data are lacking, CTR transporter abundance is typically correlated with transcript abundance (Page et al., 2009) , implying little if any translational or post translation regulation of the protein levels. We assume similar regulation in T. oceanica, but further measurements will be required to test this assumption. Even at 21 nM Cu, the total concentration typically used in nutrient-replete Aquil medium (Price et al., 1989) , both CTR1 and 2 were already maximally expressed. Thus, T. oceanica experienced Culimiting stress at pCu 0 12.6, a concentration greater than levels measured anywhere in the open sea (Moffett and Dupont, 2007; Jacquot et al., 2013) . Lowering the Cu concentration further to growth limiting levels (pCu 0 > 12.6) ( Fig. 5 ) had no effect on the amount of CTR1 and 2 transcripts. At such low concentrations, Cu uptake rate was likely limited by diffusion of Cu 0 to the cell surface ( Fig. 1) , so little benefit would be gained from increasing the number of Cu transporters (Hudson and Morel, 1993) . The large increase in ToCTR3 at the lowest Cu concentration (pCu 0 = 14.9) tested, indicates the potential function of this gene in Cu transport, but its upregulation likely represents a transient, short-term response, because growth of T. oceanica could not be sustained for more than about eight generations at these Cu levels. Expression of ToCTRs was not measured at high Cu concentrations (pCu 0 < 10), but the transcript levels were already nearing the limits of detection of the assay and upregulation was not expected.
CTR homologues of other diatoms
CTRs are widespread among diatom taxa, showing high sequence similarity and clustering together in a wellresolved clade (Supporting Information Fig. S5 ). CTR3a and 3b of T. oceanica are most closely related to a CTR gene in the red alga Chondrus crispus and clearly separated from other diatom CTRs. The Cu requirements for growth of the other taxa are not known, but T. oceanica requires 10-times more Cu than a closely related coastal species, T. pseudonana, due to replacement of a Fecontaining cytochrome c 6 by a Cu-containing plastocyanin (Peers and Price, 2006) . The dramatic increase in Cu quota may be accompanied by changes in cellular Cu metabolism and Cu uptake to meet the increased demand. Two candidate CTR-type Cu transporters (TpCTR_24275 and TpCTR_9391) identified in the T. pseudonana genome are closely related to ToCTR1 and ToCTR2 (42.9% and 50.8% amino acid sequence similarity), but no homologues of ToCTR3a/3b were identified. Geographic isolation and adaptation may have induced independent evolutionary routes of the two diatom species and ToCTR3a and ToCTR3b may represent additional high-affinity Cu transporters of T. oceanica needed to cope with long-term selection for high cellular Cu requirement and low environmental Cu availability. Alternatively, these two genes may have become functionally obsolete in T. pseudonana, because it inhabits the coastal ocean that is relatively rich in Cu.
Implication of CTR-type Cu transporters in the oceans
The possession of functional CTR Cu transporters in T. oceanica implies that reduction of Cu(II) is a necessary first step to supply Cu(I) to the transporter. In the oxic surface ocean, Cu exist largely as Cu(II) complexes bound to organic ligands that maintain low concentrations of the inorganic species (Moffett and Dupont, 2007; Jacquot et al., 2013) . Cu(II) is thermodynamically favoured and thought to be the predominant oxidation state, so pathways that lead to Cu(I) production should be important for Cu uptake by diatoms. Reduction of Cu(II) organic complexes by photochemical processes (Moffett and Zika, 1987) and by superoxide (Voelker et al., 2000) are two well documented pathways of Cu(I) production in the sea. Measurements of Cu(I) in surface waters shows it makes up as much as 10% of the dissolved species (Moffett and Zika, 1983; 1988) and it could be used directly by the transporter or, if the Cu(I) is organically complexed, undergo a ligand exchange reaction with the N-terminal Met binding sites of the CTRs. As well, FRE-type Cu reductases may directly reduce inorganic and organic Cu complexes and provide Cu(I) directly to the CTR transporter (Hassett and Kosman, 1995) . Reduction of Cu(II) by secreted thiols (Walsh et al., 2015) may be equally important. A cellular Cu(II) reduction step provides increased selectivity to the Cu transport system and may enable diatoms to minimize competitive interactions among Cu(II) and other divalent metal ions, like Mn and Zn. Silver, a known Cu(I) uptake inhibitor, is present at about 0.25-3 pmol Ag 0 l −1 in ocean surface waters (Flegal et al., 1995; Fischer et al., 2018) . It has a nutrient-type profile, despite having no known biological function, and is correlated with dissolved Cu (Gallon and Flegal, 2015) , perhaps because it acts as a Cu(I) analog and is transported through CTRs? Two candidate Cu reductases, protein homologues of yeast FRE1 and FRE2, were identified in T. oceanica in our RNA-seq data, and exhibit cell surface Cu reduction activity. One of the two showed similar regulation in response to Cu availability as the ToCTR transporters; its expression was up-regulated at low Cu and downregulated at high Cu (Kong and Price, in prep.) . The results reported here show that T. oceanica harbours a high-affinity Cu uptake system that transports Cu(I) through CTR-type Cu transporters. Redox cycling of Cu in the surface ocean should thus be critical to supplying the Cu needed for diatom growth. Understanding how CTRs operate with reductases or rely on abiotically produced Cu(I) will provide important insights into Cu uptake by diatoms in the sea.
Experimental procedures
Culture and growth condition Thalassiosira oceanica CCMP1005 was obtained from the National Center for Marine Algae and Microbiota and grown in artificial seawater medium, Aquil (Price et al., 1989) . Aquil was prepared according to Price and colleagues (1989) , but with a modified trace metal nutrient enrichment consisting of Fe (1290 nM), Mn (125 nM), Zn (79.3 nM), Mo (100 nM), Co (50 nM) and Se (10 nM), buffered with 100 μM ethylenediaminetetraacetic acid (EDTA).
In some experiments, cells were grown at higher concentrations of Cu using a nitrilotriacetic acid (NTA)-buffered trace metal enrichment. In these cases, the metals were complexed with 500 μM NTA and total metal concentrations altered to maintain the same free ion levels as in the ETDA-buffered culture medium. Copper was added separately as a premixed EDTA (Cu:EDTA) or NTA (Cu:NTA) complex in a 1:1.05 M ratio. Inorganic Cu (Cu 0 ) concentrations were computed using the conditional stability constants reported in Sunda and colleagues (2005) . Cultures were grown semi-continuously in 28 ml polycarbonate tubes at 20 C with continuous illumination of 200 μmol m −2 s −1 supplied by cool white fluorescent bulbs.
Growth was monitored by in vivo chlorophyll fluorescence (Peers et al., 2005) . Specific growth rate (d −1 ) was calculated from linear regression analysis of ln (chlorophyll fluorescence) versus elapsed time. All bottles and tubes used in medium preparation and culturing were soaked in 10% hydrochloric acid and rinsed thoroughly with Milli-Q water (EMD Millipore, ON, Canada).
RNA extraction and real-time PCR
Thalassiosira oceanica was maintained for greater than 50 generations under each experimental treatment and harvested during exponential growth by filtering approximately 120 ml culture onto a 2 μm polycarbonate membrane filter. Table S1 ). The PCR conditions were: 95 C for 30 s, followed by 40 cycles of 95 C for 5 s and 60 C for 45 s. The T. oceanica actin gene (Act) was used as a control and run under the same conditions (Supporting Information Table S1 ). Expression levels of ToCTR genes were normalized to Act and quantified by the 2 ΔCt method (Schmittgen and Livak, 2008) .
Yeast functional complementation
Thalassiosira oceanica CTR-type copper transporter (ToCTR) genes were amplified from genomic DNA using primers listed in Supporting Information Table S1 . Purified PCR fragments were cloned into a p416-GPD plasmid carrying a URA3 gene using restriction endonucleases. The S. cerevisiae CTR1 (ScCTR1) gene was cloned into the same plasmid and used as a positive control. Recombinant p416-GPD-CTR plasmids were transformed and enriched in chemically competent Escherichia coli (Thermo Fisher Scientific). Sequences and open reading frames of inserted CTR genes were verified by Sanger sequencing at the McGill University and Génome Québec Innovation Centre, Montréal, Canada. Sequence-confirmed plasmids and an empty p416-GPD plasmid (negative control) were transformed into the S. cerevisiae ctr1Δctr3Δ mutant strain DTY272 (MATa ura3-52 his3-Δ200 trp1-901 ctr1::ura3::Knr ctr3::TRP1) using a Yeast Transformation Kit (Sigma-Aldrich, ON, Canada). Transformed cells were first selected in yeast synthetic complete medium without uracil (SC-ura) (0.67% yeast nitrogen base without amino acids, 0.1% SC drop-out supplement without uracil and 2% D-glucose) and then tested in a nonfermentable carbon source medium, YPEG (1% yeast extract, 2% bacto-peptone, 2% ethanol and 3% glycerol).
Localization of ToCTR proteins in yeast
Subcellular localization of ToCTR proteins in yeast was determined by fusion with green fluorescence protein (GFP). The full-length GFP gene was first cloned into p416-GPD to construct a p416-GPD-GFP plasmid using restriction endonucleases. ToCTR and ScCTR1 genes were amplified using gene specific primers (Supporting Information Table S1 ) to remove the stop codon and cloned into the GFP-containing plasmid upstream of the GFP gene. Recombinant p416-GPD-CTR-GFP plasmids were transformed into the S. cerevisiae ctr1Δctr3Δ mutant as described above. Proper function of the CTR-GFP fusion proteins was confirmed in transformed S. cerevisiae by growth on YPEG solid medium. Localization of CTR-GFP fusion proteins in the yeast was determined by GFP fluorescence using a Leica TCS SP8 laser scanning confocal microscope.
Cu uptake rate
Fully-acclimated T. oceanica was grown under Cu-limited (1 nM Cu, log [Cu 0 ] = −13.9) and Cu-satiated (3000 nM Cu, log [Cu 0 ] = −10.4) conditions and harvested in exponential phase onto 3 μm polycarbonate membrane filters. The cells on the filter were rinsed twice with 30 ml of Cu-free culture medium and resuspended in 100 ml Cu uptake assay buffer (metal-free Aquil medium containing 1 μM CuSO 4 and 100 μM EDTA, equilibrated for 48 h before use). Two timepoint samples were collected from each replicate: the first immediately after resuspension and the second after 60 min of incubation. The uptake assays were conducted under the same environmental conditions used for growth. Cells were harvested using trace metal clean techniques, digested in nitric acid and analysed for Cu content by graphite furnace atomic absorbance spectrophotometry (GFAAS) as described (Kim and Price, 2017 ). Short-term Cu uptake rates of T. oceanica were calculated by:
, where Q Cut1 and Q Cut2 are cellular Cu quotas (mol Cu cell −1 ) at the beginning and the end of the incubation; t2 − t1 is the incubation time (h). Transformed S. cerevisiae were grown in SC-ura liquid medium containing 50 μM bathocuproine disulfonic acid (BCDS) (Sigma-Aldrich, ON, Canada). Cells were harvested, digested and analyzed for cellular Cu using the methods described above. Specific growth rate was calculated from linear regression analysis of ln (biomass) versus elapsed time. The biomass yield was measured by absorbance at 630 nm (A 630 ) with a BioTek microplate reader. Steady-state Cu uptake rates (ρ SS ) were calculated using the cellular Cu quota (Q Cu ) and specific growth rate (μ), namely: ρ SS = Q Cu × μ. A short-term Cu(I) uptake assay was also conducted with the S. cerevisiae mutant (negative control) and the transformant with ToCTR3b. Cells grown in SC-ura liquid medium were harvested at A 630 = 0.7 by centrifugation, rinsed and resuspended into the same volume of uptake assay buffer (200 mM 4-morpholineethanesulfonic acid, 20 mM sodium citrate and 2% glucose). A Cu(I) stock solution was prepared immediately before the assay by adding 10 mM ascorbic acid to 5 mM CuSO 4 and Cu(I) was added at a final concentration of 5 μM. Cells were harvested immediately and then after 45 min of incubation. Cellular Cu content and uptake rate were determined as described above. Cu(I) concentration was confirmed by the BCDS method (Blair and Diehl, 1961) : no significant re-oxidation of Cu(I) was detected during the uptake assay (p > 0.05).
